Silicon oxide (SiO2_=F~) with fluorine naturally incorporated can be prepared by the liquid-phase deposition (LPD) method at 15~ The fluorine is uniformly distributed in the bulk of the LPD oxide. The fluorine incorporation as well as the qualitative properties can be accurately controlled by varying the amount of H20 added. A high temperature process has considerable effect on the low temperature fluorinated oxide. FTIR and XPS spectra show that Si--F and SiO~H bonds can restructure with densification at higher thermal annealing temperature, and that restructuring is a function of temperature. Film densification with increasing temperature is also discussed in terms of St--O--St bond angle and Si~Si bond length.
dielectric constant for multilevel interconnection. Several methods of incorporating fluorine into silicon oxide have been suggested, such as immersing Si wafers in dilute HF solution prior to the oxidation process,1 F ion implantation into the polycrystalline silicon (poly-Si) gate followed by annealing, 2' 3 and addition of NF3 to the oxygen ambient during furnace oxidationJ Inoue et al. applied F2 to the Si surface and irradiated the surface with ultraviolet light prior to chemical vapor deposition of SiO2 films. ~ Fluorine can be naturally incorporated into silicon oxide by liquid-phase deposition (LPD)J The resulting LPD oxide has been represented as SiO2_=F=, however, accurate control of how much fluorine is incorporated in the LPD SiO2-xFx has not yet been studied. In this paper, the mechanism of fluorine incorporation as well as the mechanism of LPD is described first. Then, based on these chemical reaction mechanisms, we describe how fluorine atoms can be incorporated quantitatively. Generally, an as-deposited oxide always has occasion to be exposed to high temperature processes (HTP) for reasons such as thermal annealing, reflow, or densification. Therefore details of the changes in film properties and fluorine incorporation owing to HTP are concerned here. Thus the effect on LPD SiO2_=F~ of thermal annealing in N2 ambient is discussed. In addition, we have tried to analyze the changes in bond structures and film properties owing to thermal annealing in terms of bondintensity and F concentration.
Experimental
The following reactions recapitulate our previous studies of the growth mechanism of LPD SiO2 =F~. G The immersion solution was prepared by dissolving silica in hydrofluorosilicic acid (H2SiF~) solution; the resulting reaction is shown in Eq. 1 5H2SiF6 + SiO2 ---> 3[SiF6 9 SiF4] "~-+ 2H20 + 6H + [1] and yields a species of fluosilicic complex [SiF8 9 SiF4] 2-. Adding H20 to the solution produces the reaction shown in Eq. 2 [SiF6 9 SiF4] 2-+ 2H20 ---> SiF4(OH)~-+ SiF4 + 2HF [2] The reaction of SiF4(OH)~-with H § in the acidic immersion solution is shown in Eq. 3 SiF4(OH)~ + 2H + ---> SiF4 + 2H20 [3] However, the hydrolysis of SiF4 in aqueous solution, as expressed in Eq. The net reaction produced by adding H20 to the immersion solution can be thus represented as in Eq. 5 5H2SiF6 + SiO2 + 6H20 -) 4SiF~ + 2St(OH)4 + 6HF + 8H + [5] Our Si wafers were cleaned using the standard RCA process, which leaves a thin native-oxide layer on the surface. The wafers were then dipped in HF solution to remove the native oxide in HC1 + H~O~ mixed solution during initial cleaning. Many efforts have been focused on the HFtreated silicon surface, and it was concluded that the surface is almost all terminated with hydrogen. 7-9 Reoxidation occurs if this silicon surface is exposed to water. That is, the hydrides (St H) on the surface can react with water molecules with a certain time constant and be transformed to hydroxyls (St--OH). This hydrogen on the silicon surface then is replaced by hydroxyl through the chemical reaction revealed in Eq. 6
Si H + H20 -~ St---OH + H2 [6] Therefore, on the basis of the reaction equations above, we can conclude that the growth mechanism of LPD SiO2_=F= is as follows. An intermediate polysilicic acid is formed by the polymerization of the silicic monomer St(OH)4 (the product of Eq. 5) and adsorbed onto the substrate surface. An acidcatalytic dehydration occurs between the adsorbed polysilicic acid and St--OH existing on the substrate, followed by St--O--St bond formation. Because some HF is always present in the system (Eq. 5), the surface of the as-deposited film and the St--OH on the substrate are subject to HF attack according to the reaction ~-~Si~OH + HF ---> ~----Si F + H20 [7] Hence, film-etching occurs simultaneously with film-deposition, however, deposition of LPD SiO2-=Fx on the substrate surface is the predominant result because of the continual adsorption of intermediate polysilicic acid. Following film deposition, fluorine incorporation into the bulk of the LPD oxide and Si/SiQ interface occurs naturally. From this mechanism, it is easy to understand how LPD SiO~_=F= is grown and how fluorine atoms can be incorporated into the grown film. According to Eq. 5, H20 is a main reactant in the LPD SiO2 =F= chemical reaction. It is therefore necessary to examine what effect addition of H20 has on fluorine incorporation and growth rate. Figure 1 shows the experimental flow diagram for preparing the immersion solution and LPD samples. Silica (SiO~) powder was dissolved into H2SiF6 to form the fluosilicic complex [SiF8 9 SiFt] 2 . Then H~O was added supersaturating the solution with silicic acid Si(OH)4. The quantity of H20 added in this study varied in the range of 25 to 150 ml per 100 ml of immersion solution.
The cleaned Si substrates, with 10 to 20 ~-cm were then placed into the immersion solution at 15~ until a ~ 1200 A thick LPD oxide film formed on the substrate surface. The oxide thickness was set to about one-half of an ellipsomettic period (1200 A) for reliable refractive index and sample thickness measurement. To examine the fluorine incorporation in LPD oxide, Fourier transform infrared speetroscopies (FTIR, Bomen, DA 3.002) for all the samples were examined. The oxide composition depth profile was further investigated by Auger electron spectroscopy (AES, PerkinEtmer, SAM (I) 650).
After deposition with 50 ml of H~O added, a portion of the wafers were annealed in N2 ambient for 1 h at various temperatures in the range of 300 to 1000~ The refractive index and the P-etch rate of the LPD oxide were determined by ellipsometer before and after annealing. The bond-structure changes in the LPD oxides resulting from annealing were analyzed with FTIR and x-ray photoelectron spectroscopy (XPS, Perkin-Elmer Model 1600 spectrometer equipped with a 250 W monochromated Mg-k~ (1253.6 eV) x-ray source).
Results and Discussion
Since HiO is a main reactant in the chemical reaction in Eq. 5, the reaction rate is a function of the quantity of HiO added. As shown in where K is 8.046 and n is the refractive index from ellipsometer. The plot of density as a function of the quantity of HiO added is also shown in Fig. 2 . The result reveals that the density of the films can be controlled in the range of 1.942 to 2.128 g/cm 3 by adding 25 to 150 ml H~O per 100 ml of immersion solution. These values are lower than those of thermal SiO2 (2.212 g/cm3). The lower density implies more nonbridging oxygen in the LPD oxide} I The greater the quantity of HiO added, the greater the concentration of St(OH)4 (Eq. 5) is, thus the silanol (Si~OH) elimination reaction, as expressed in Eq. 8
cannot occur sufficiently to condense the film bulk} 2 Figure 3 shows the FTIR spectra of LPD oxides with 59, 75, and 100 ml HiO added, respectively. In general, LPD oxide including a higher St--OH concentration gives rise to strong absorption in the FTIR spectra. The transmittance band around 3200 to 3700 cm -I being O--H stretching due to St--OH obviously shows that adding more HiO increases the concentration of St--OH groups. The higher the concentration of St--OH groups, the lower the density of the LPD oxide is (Fig. 2) . In the typical LPD oxide FTIR spectrum, as shown in the inset of Fig. 3 , the main transmittance band around 930 cm -1 due to Si--F indicates that fluorine has been incorporated into the oxide. The precise quantity of fluorine incorporated was further investigated by AES measurement. Figure 4 shows a typical AES depth profile of film prepared by adding 125 ml of HiO to 100 ml immersion solution. It reveals that the atomic concentration ratio of Si:O:F is 33.77:64.37:1.86. Fluorine atomic concentration is 1.86% and uniformly distributed in the LPD oxide. Thus, the LPD oxide can be represented as SiQ_xF=. However, we found that the fluorine concentration could be changed. As shown in Fig. 5 , a linear increase of atomic fluorine concentration (from 1.86 to 6.25%) can be obtained by decreasing the HiO quantity (from 125 to 25 ml) per 100 ml of immersion solution. The reason why fluorine concentration can be controlled by varying the HiO quantity is as follows: although H~O in Eq. 5 is a reactant in the LPD system, it also acts as a dilutent since the quantity of HiO added exceeds the mole fraction needed in Eq. 5. The more HiO added, the lower the concentration of HF is, and the lower the tendency of the as-deposited film coming under HF attack is (Eq. 7). In that case, fluorine incorporation thus correspondingly decreases.
The effects of thermally annealing LPD oxide in N2 ambient between 300 and 1000~ has been studied with FTIR. 6 The FTIR spectra indicated that there were charac- Quantity of H20 added (ml) (FWHM) broadens from 63 cm -1 (unannealed) to 84 cm ~. These results obviously indicate that increasing the annealing temperature effects gross changes in the chemical composition of the resulting LPD SiQ xFx. In particular, annealing at 1000~ results in a chemical composition similar to that of thermal oxide, which means that the structural density of LPD SiO2_xF~. is highly dependent on annealing temperature.
To aid in understanding how annealed LPD oxide comes to resemble thermal oxide, we illustrate the structure changes produced by annealing in Fig. 7 . According to the LPD oxide and fluorine incorporation mechanism, + the structure of the as-deposited LPD oxide is as shown in Fig. 7a . Restructuring occurs during annealing because the hydrogen atoms (H) present between the fluorine (F) and oxygen (O) atoms are very eleetronegative, there exists a special hydrogen bond structure in SiO--H---F--Si. Since the SiO--H bond energy is iii kcal/mol, while the Si--F bond energy is 143 kcal/mol. Annealing at temperatures between 300 and 500~ can break SiO--H bonds, forming SiO , but few Si F bonds are broken (Fig. 7b) . However when the annealing temperature is higher than 700~ not only the SiO--H bonds but also most of the Si--F bonds are broken, and Si § is formed (Fig. 7e) . The Pauling radii for the resulting ions are as follows: F-, 1.33 A; H +, <0.37/k. These sizes suggest that F-and H + can be mobile, and diffuse out through interstitial channels in LPD oxide (Fig. 7e) . 13.14 This is why FTIR spectra Si--F peak completely disappears at T >-700~ ~5 This restructuring, with St--O--St bond formation as well as Si--F peak disappearance suggests that LPD oxide has been densified and become similar to thermal oxide. This restructuring has been quantitatively evaluated by integrating the bond intensity from FTIR peaks, as summarized in Table I . With increasing annealing temperature, the St--O--St bond intensities gradually increase, while Si--F bond intensities decrease, finally becoming undetectable (less than 0.5%). With further detection for fluorine (F is) by XPS, the changes in F atom concentrations ( Table I ) obviously indicate that Si--F bond intensities are decreasing with annealing temperature. These quantitative results demonstrate that the restructuring is a function of temperature.
Assignment of stretching frequencies in Fig. 6 can be approximated by the application of Hook's law. The following equation, derived from Hook's law, states the relationship between frequency of oscillation, atomic masses, and the force constant of the bond where v is the vibrational frequency (cm-~), c is velocity of light (cm/s), f is force constant of bond, and M~ and My are mass (g) of atom x and atom y, respectively. To approximate the vibrational frequencies of bond stretching by Hook's law, the relative contributions of bond strength and atomic masses must be considered. Generally, functional groups that have a stronger dipole give rise to a higher force constant and the increase in the force constant from left to right across the first two rows of the periodic table has a greater effect than the mass increase36 FTIR spectra in Fig. 6 show that there are Si--F bonds. It is generally believed that SiO2 forms a continuous random network with a nearly perfect AX4 tetrahedral structure37 When an Si-P bond is replaced by an Si--F bond, the St--O--St bond stretching frequency (v) increases to 1083 cm -~ for unannealed LPD oxide (Fig. 6) , higher than the 1075 cm -~ of thermal SiQ. This is because the dipole moment of Si--F is larger than that of SilO. Similarly, because of the dipole moments: Si--F > St--O-> St--O, the St--O--St bondstretching frequencies around 1082, 1078, and 1075 cm -~, as shown in Fig. 6 , can be attributed to gradually increased annealing temperatures. After annealing at 1000~ the Si--O--Si peak broadens, FWHM increases from 63 cm (unannealed LPD oxide) to 84 cm -~, which nearly equals the 85 cm -~ of thermal SiQ. Table II , 0 is 155 ~ 151 ~ 149 ~ and 148 ~ for the unannealed and the annealed at 300 to 500, 700, and 900 to 1000~ respectively. Therefore the ds~-s, is 2.937, 2.912, 2.898, and 2.891 ,& for the unannealed and the annealed at 300 to 500, 700, and 900 to 1000~ respectively. The shift of the St--O--St stretching frequency is related to a 7 ~ reduction in the Si-P-St bond angle with annealing at temperatures from 300 to 1000~ The more the 0 decreased, the shorter the St--St distance, and the higher the density became. The decrease in dsi_si obviously ihdicates that the thermal annealing surely caused the LPD oxide to grow more compact.
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Chemical etching rate has been shown to be a sensitive measure for density of SiO2 film. 17 Pliskin and Lehman 23 reported that a more dense SiQ can give a slower etching rate in an HF-based etchant. The etching rates of the LPD oxides annealed at different temperatures were examined with P-etch solution (48% HF: 70% HNO3:H20 = 3:2:60) at Fig. 8 , the P-etch rate decreased with increasing annealing temperature. This result is rather consistent with the densification found above.
Conclusion
Fluorine can be naturally incorporated into SiO2_xFx by using LPD in conjunction with H20 addition. The reaction rate is a function of the quantity of H20 added since H20 is a main reactant in the chemical solution. The deposition rate can be controlled in the range of 50 to 450 A/h, while the film density (p) can be controlled in the range of 1.942 to 2.128 g/cm 3 by adding 25 to 150 ml of H20 per 100 ml of immersion solution. In the same way, the atomic fluorine concentration is also linearly increased from 1.86 to 6.25% by decreasing the H20 quantity from 125 to 25 ml per 100 ml of immersion solution. The more H20 added, the higher the concentration of St--OH groups, and the lower the density of the LPD oxide. The more H~O added, the lower the concentration of HF, and the less fluorine incorporated.
Thermal bond formation is strongly temperature-dependent. LPD oxide annealed at 1000~ becomes similar to thermal SiO2 in structure.
In the FTIR spectra, the shifts of Si--O--Si stretching to a low wave number with increasing annealing temperature have been analyzed in terms of SilO--St bond angle and St--St bond length. The decrease in dsi~ also obviously indicates that the thermal annealing has surely caused the LPD oxide to become more compact.
